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INTRODUCTION

Recombinant DNA techniques have allowed the isolation
and propagation of specific DNA fragments which can be
easily sequenced and/or used as highly specific probes. In
vitro site-directed modifications of these fragments and their
reintroduction into the genome result in a modified genetic
makeup of an organism. In addition, it is now possible to
induce overproduction of commercially important proteins
by genetically tailored microorganisms.

Several cloning strategies have been developed to meet
various specific requirements. Cloning protocols have been
designed for a variety of host systems. However, Esche-
richia coli still remains the most popular host of choice since
its genetics, physiology, and molecular biology have been
studied in great detail and a wealth of information is readily
available. Many cloning vectors have also been constructed
for use with E. coli as a host. Although this review focuses
on the basic and applied aspects of bacteriophage lambda
vectors, an overview of other vectors is included for com-
parison. In general, cloning vectors can be broadly classified
as plasmid and phage vectors.

Plasmid Vectors
Plasmid vectors are convenient for cloning of small DNA

fragments for restriction mapping and for studying regula-
tory regions. However, these vectors have a relatively small
insert capacity. Therefore, a large number of clones are
required for screening of a single-copy DNA fragment of
higher eukaryotes. Second, the handling and storage of these
clones is time-consuming and difficult. The repeated subcul-
tures of recombinants may result in deletions in the inserts.
The plasmid vectors can be of three main types: general-

purpose cloning vectors, expression vectors, and promoter
probe or terminator probe vectors.

Gen-eral-purpose cloning vectors. Cloning of foreign DNA
fragments in general-purpose cloning vectors (e.g., pBR322
[11]) selectively inactivates one of the markers (insertional
inactivation) or derepresses a silent marker (positive selec-
tion) so as to differentiate the recombinants from the native
phenotype of the vector.

Expression vectors. In expression vectors (e.g., pUC18
[123]), DNA to be cloned and expressed is inserted down-
stream of a strong promoter present in the vector. The
expression of the foreign gene is regulated by the vector
promoter irrespective of the recognition of its own regula-
tory sequence.
Promoter probe and terminator probe vectors. Promoter

probe (e.g., pJAC4 [51]) and terminator probe vectors are
useful for the isolation of regulatory sequences such as
promoters or terminators and for studying their recognition
by a specific host. They possess a structural gene devoid of
the promoter or the terminator sequence (18).

Cosmids
Cosmids (e.g., pWE15 and pWE16 [118]) are plasmids

containing the lambda cos ends (15). They are 4 to 6 kb in
size and are specifically designed for cloning of large DNA
fragments (40 to 50 kb). They have (i) a drug resistance
marker, (ii) a plasmid origin of replication, (iii) a fragment

carrying the ligated cohesive ends (cos) of phage lambda,
and (iv) one or more unique restriction sites for cloning. The
recombinant molecules can be conveniently packaged in
vitro inside a phage coat by the cleavage of two cos sites
flanking an insert DNA (15). The resultant phages are then
infected into a suitable E. coli host. (A cosmid molecule
alone cannot be packaged because it falls short of the
minimum size required for packaging.) Inside a cell, two cos
ends are ligated by the host ligase, resulting in a circular
molecule which can be propagated as a plasmid, and a drug
resistance marker is expressed.
Although cloning in cosmids is preferred for certain spe-

cialized purposes, their use is associated with a few prob-
lems (recombination and deletion of the insert, low yields of
recombinant DNA, etc.).

Phagemids

Phagemids (e.g., pUC118 and pUC119 [116] and pBS
vectors [97]) combine desirable properties of both plasmids
and filamentous phages. They carry (i) the ColEl origin of
replication, (ii) a selectable marker such as antibiotic resis-
tance, and (iii) the major intergenic region of a filamentous
phage (20-22). The segments of foreign DNA cloned in these
vectors can be propagated as plasmids. When cells harboring
these plasmids are infected with a suitable helper bacterio-
phage, the mode of replication of the plasmid changes under
the influence of the gene II product of the incoming virus.
Interaction of the intergenic region of the plasmid with the
gene II protein initiates the rolling-circle replication to
generate copies of one strand of the plasmid DNA, which are
packaged into progeny bacteriophage particles (68, 129). The
single-stranded DNA purified from these particles is used as
a template to determine the nucleotide sequence of one
strand of the foreign DNA segment, for site-directed muta-
genesis or as a strand-specific probe. Phagemids provide
high yields of double-stranded DNA and render unnecessary
the time-consuming process of subcloning DNA fragments
from plasmids to filamentous bacteriophages.

Bacteriophage Vectors

Both single-stranded (filamentous) and double-stranded E.
coli phages have been exploited as cloning vectors.

Filamentous phages. Filamentous phages are not lytic.
They coexist with the infected cells for several generations
and are convenient for cloning genes which produce toxic
products. Among the filamentous phages, fd, fl, and M13
have been well characterized and their genomes have been
sequenced (4, 5, 115). Their gene functions and molecular
mode of propagation are very similar. They infect cells via F
pili, and the first mature phage appears within 15 min (66,
67).
Phage M13 is widely used in nucleotide sequencing and

site-directed mutagenesis since its genome can exist either in
a single-stranded form inside a phage coat or as a double-
stranded replicative form within the infected cell. During
replication, only the plus strand of the replicative form is
selectively packaged by the phage proteins (71). The repli-
cative form is a covalently closed circular molecule and
hence can be used as a plasmid vector and transformed into
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FIG. 1. Regulatory region of the lambda genome. Binding sites of specific gene products are indicated by the arrowheads.

the host by the usual transformation procedures. The vec-
tors derived from M13, e.g., M13mp18 and M13mpl9,
have the same polylinker as that of pUC18 and pUC19,
respectively (123). The DNA fragments having noncomple-
mentary ends can be directionally cloned in this pair of
vectors, and the two strands of DNA can be sequenced
independently.

Double-stranded phage vectors. Of the double-stranded
phages, bacteriophage lambda-derived vectors are the most
popular tools for several reasons: (i) acceptance by the
phage of large foreign DNA fragments, thereby increasing
the chances of screening a single clone carrying a DNA
sequence corresponding to a complete gene; (ii) develop-
ment and availability of refined techniques aimed at mini-
mizing the problems of background due to nonrecombinants;
(iii) the possibility of screening several thousand clones at a
time from a single petri plate; and, finally, (iv) the ease with
which the phage library can be stored as a clear lysate at 4°C
for months without significant loss in plaque-forming activity
(75, 76).

Recently, a bacteriophage P1 cloning system has been
developed which permits cloning of DNA fragments as large
as 100 kbp with an efficiency that is intermediate between
cosmids and yeast artificial chromosomes (105).

Scope of Present Review

The extensive knowledge of the basic biology of lambda
has permitted modifications of its genome to suit the given
experimental conditions. In the present review we describe
how the utility of lambda as a cloning vector rests essentially
in its intrinsic molecular organization. The following sec-
tions give an account of various problems encountered in
constructing lambda vectors and the strategies that have
been adopted to overcome them. A few commonly used
vectors are described in detail, taking into account their
special values and limitations. The different methods for
screening and storage of genomic and cDNA libraries in
lambda vectors are also discussed.

LIFE CYCLE AND GENETICS OF LAMBDA

An understanding of the basic biology of lambda, its mode
of propagation, and the genetic and molecular mechanisms
that control its life cycle is needed before its applications for
genetic manipulations are discussed. This section deals with
the basic biology of lambda (for more details, see references
12, 25, 30, 41, 62, and 119).
The lambda virus particle contains a linear DNA of 48,502

bp (95) with a single-stranded 5' extension of 12 bases at both
ends; these extensions are complementary to each other.
These ends are called cohesive ends or cos. During infec-
tion, the right 5' extension (cosR), followed by the entire
genome, enters the host cell. Both the cos ends are ligated by

E. coli DNA ligase (10, 23, 125), forming a covalently closed
circular DNA which is acted upon by the host DNA gyrase,
resulting in a supercoiled structure.

Development of Lambda: Two Alternative Modes

After infecting the host, the lambda genome may start its
replication; this results in the formation of multiple copies of
the genome. The protein components necessary for the
assembly of mature phage particles are synthesized by the
coordinated expression of phage genes. Phage DNA is
packaged inside a coat, and the mature phages are released
into the environment after cell lysis. This mode of propaga-
tion is called the lytic cycle.

Alternatively, the phage genome may enter a dormant
stage (prophage) by integrating itself into a bacterial genome
by site-specific recombination; during this stage it is propa-
gated along with the host in the subsequent progeny. This
stage is termed lysogeny. Changes in environmental and
physiological conditions may activate the prophage stage
and trigger lytic events.

Lytic Cycle
Three stages of lytic cycle. The genetic events in the lytic

cycle can be divided into three stages: (i) immediate early,
(ii) delayed early, and (iii) late.
Two immediate-early genes, N and Cro, are transcribed

divergently and independently from the two promoters PL
andpR, respectively (Fig. 1). The transcription terminates at
tL and tR, respectively, after N and Cro have been tran-
scribed. TheNgene product binds to nutL and nutR (left and
rightN utilization sites, respectively) and acts as an antiter-
minator by suppressing transcription termination at tL, tR,
and other sites with the help of host proteins synthesized by
nusA, nusB, and nusE loci of E. coli. Antitermination by the
N gene product results in the expression of delayed-early
(regulatory) genes (cHI and cIII), replication genes (O and P),
seven recombination genes (int, xis, and others) and gene Q.
The product of Q acts as an antiterminator for the transcrip-
tion of late genes which comprise 10 head protein genes, 11
tail protein genes, and 2 lysis genes.
DNA replication and in vivo packaging. In lytic events, the

circular phage DNA is replicated bidirectionally by a theta
mode, which later switches to a rolling-circle mode resulting
in the synthesis of a linear concatemeric DNA joined by cos
ends (54). The linear molecule is then packaged into a head
coat after cleavage at each cos end by a phage terminase (a
product of the A gene) (6, 45). The red andgam genes of the
phage and the recA and recBC genes of the host are involved
in the generalized recombination events, which play an
important role in the in vivo packaging of the lambda
genome. The linear concatemeric DNA is a substrate for
RecBC, which determines ATP-dependent exonuclease ac-
tivity (3). The phage protein Gam (molecular mass, 33 kDa)
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specifically inhibits all RecBC-associated activities (113) and
inhibits the degradation of linear concatemeric phage DNA.
However, in red gam mutants, the only molecules avail-

able for packaging are exonuclease-resistant covalently
closed circular molecules and their subsequent recombina-
tions. On recA+ hosts, these mutants grow poorly because
the lambda DNA is a poor substrate for RecA-mediated
recombination. The recombination efficiency and plaque size
can be considerably improved by introduction of short DNA
sequences called chi (crossover hot-spot instigator) in the
lambda genome by site-specific mutations (100-104). The
generalized recombination catalyzed by the recA recBC
system is stimulated by chi sequences. Various models have
been proposed for recombination stimulation by chi (60, 90,
98, 124).
The red and gam gene products are responsible for the

Spi+ (sensitive to P2 lysogeny) phenotype of wild-type
lambda, and consequently lambda is unable to grow on P2
lysogens (63, 93, 130). Therefore red and gam mutants can
be propagated on P2 lysogens (Spi-).

Lysogeny

Transcription originating from OL/PL and OR/PR, after
antitermination byN protein, continues through the cIII and
cII genes, respectively. At an adequate concentration of cII
protein, the two promoters pRE and pint are activated,
resulting in the synthesis of cI repressor and integrase,
respectively.
The expression of cI gene through pRE (promoter for

repressor establishment) is regulated positively by cII, in
association with cIII. This promoter is recognized by RNA
polymerase only in the presence of cII. The repressor cI,
when synthesized from pRE, binds to both PL and PR,
repressing transcription of all other genes including cII and
cIII, and lysogeny is established. The synthesis of cI from
pRE is also inhibited in the absence of cII and cIII. Sufficient
levels of cI during lysogeny are maintained bypRM (promot-
er for repressor maintenance) situated adjacent to OR at the
right end of the cI gene. RNA polymerase cannot initiate
transcription at pRM unless the repressor is bound to OR.
Thus it behaves as a positive regulatory protein for its own
synthesis. The cI transcript from PRM does not have any
conventional ribosome-binding site and produces only a low
level of repressor protein. Although a large amount of cI
repressor synthesized from a strong promoter,pRE, is essen-
tial for the establishment of lysogeny, even a low level of the
repressor synthesized by PRM is sufficient for its mainte-
nance.

Lysogeny or Lytic Cycle

OL and OR each have three repressor-binding sites, i.e.,
oLl, oL2, oL3, and ORl, OR2, OR3, respectively (site 1 is the
nearest to the transcription start point). In lysogeny, the
binding of repressor dimers at OR1 and OR2 blocks the
expression from PR but promotes the expression of cI from
pRM. When the concentration of cI is in excess, it binds to
OR3 and stops its own expression frompRm.
Cro protein, also termed as antirepressor, can also bind to

OL and OR. However, its highest affinity is for OR3, followed
by those for OR2 and OR1. The presence of Cro at OR3 inhibits
RNA polymerase from binding atpRm, thereby breaking the
lysogeny maintenance circuit. It also inhibits the expression
of early genes from PL and PR. The delayed genes are
expressed frompQ to form viable phages and cause lysis.

PHAGE LAMBDA AS A VECTOR

The large genome size and complex genetic organization
of lambda had posed initial problems with its use as a vector.
The problems, however, were surmounted through the sus-
tained efforts of researchers, and lambda has been developed
into an efficient vector.
The broad objectives in constructing various phage vec-

tors are (i) the presence of cloning sites only in the dispens-
able fragments, (ii) the capacity to accommodate foreign
DNA fragments of various sizes, (iii) the presence of multi-
ple cloning sites, (iv) an indication of incorporation of DNA
fragments by a change in the plaque type, (v) the ability to
control transcription of a cloned fragment from promoters on
the vector, (vi) the possibility of growing vectors and clones
to high yield, (vii) easy and ready recovery of cloned DNA,
and (viii) introduction of features contributing to better
biological containment.
There are several difficulties in the use of lambda as a

vector. Some of the problems and the general strategies
adopted to overcome them are discussed in this section.

Manipulation of Restriction Sites

The major obstacle to the use of phage lambda as a cloning
vector was essentially the presence of multiple recognition
sites for a number of restriction enzymes in its genome.
Initially, all attempts were directed toward minimizing the
number of EcoRI sites. Murray and Murray in 1974 were
able to construct derivatives of lambda with only one or two
EcoRI sites (77). Similarly, Rambach and Toillais con-
structed lambda derivatives with EcoRI sites only in the
nonessential region of the genome by repeated transfer on
restrictive and nonrestrictive hosts (86). After several cycles
of digestion, packaging, and growth, phage derivatives with
desirable restriction sites and full retention of infectivity
were obtained. All but one HindIII sites were removed by
recombination of known deletion mutants or substitutions
(74). Recently, oligonucleotides with specific sequences
have been synthesized and introduced into the bacterio-
phage lambda genome. This has provided a variety of
cloning sites in the genome (33, 58).

Size Limitation for Packaging
The second problem was the requirement of a minimum

and maximum genome length (38 and 53 kbp, respectively)
for the efficient packaging and for the production of viable
phage particles (8, 111). The viability of the bacteriophage
decreases when its genome length is greater than 105% or
less than 78% of that of wild-type lambda. Genetic studies of
specialized transducing bacteriophages showed, however,
that the central one-third of the genome, i.e., the region
between theJ and N genes, is not essential for lytic growth.
The presence of a nonessential middle fragment of the phage
genome was also revealed during construction of viable
deletion mutants (16, 17). These mutants lack most of the
two central EcoRI B fragments which are not essential for
lytic growth. However, too much DNA cannot be deleted
because there is a minimum 38-kbp requirement essential for
efficient packaging. The de novo insertion of DNA (even if
heterogeneous) is essential for the formation of viable
phages. This constitutes a positive selection for recombinant
phages carrying insertions. This approach was successfully
exploited in constructing recombinant phages carrying E.
coli and Drosophila melanogaster DNA (28, 111, 112).
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Transfection of Recombinant Molecules

The problem of transfection of recombinant molecules
constructed in vitro was overcome by the successful in vitro
assembly of viable and infectious phage particles (55, 120,
121). Two types of in vitro packaging systems have been
developed so far, i.e., two-strain packaging and single-strain
packaging.

Two-strain packaging. The basis of the two-strain in vitro
packaging system is the complementation of two amber
mutations. Two lambda lysogens, each carrying a single
amber mutation in a distinctly different gene, are induced
and grown separately so that they can synthesize the neces-
sary proteins. Neither of the lysogens alone is capable of
packaging the phage DNA.
The role of various phage products in DNA packaging has

been studied in detail (7, 14, 29, 35, 46, 73). The E protein is
the major component of the bacteriophage head, and in its
absence all the viral capsid components accumulate. The D
protein is involved in the coupled process of insertion of
bacteriophage DNA into the prehead precursor and the
subsequent maturation of the head. The A protein is required
for the cleavage of the concatenated precursor DNA at the
cos sites. Two phage lysogens carrying A and E or D and E
mutations in the phage genome are induced separately, and
cell extracts are prepared. Neither of the extracts can
produce infectious phage particles. However, when the
extracts are mixed, mature phage particles are produced by
complementation (43, 46).
The major drawback of the two-strain system is the

competition of native phage DNA with recombinant mole-
cules. In both the cell extracts, native phage DNA is also
present and can be packaged with an efficiency equal to that
of the chimeric DNA. This reduces the proportion of recom-
binants obtained in a library. The problem of regeneration of
endogenous phages obtained in the library was partially
overcome by the use of b2-deleted prophages, which poorly
excise out of the host chromosome (27, 106) or by UV
irradiation of packaging extracts (44).

Single-strain packaging. Rosenberg et al. (89, 91) have suc-
cessfully developed a single-strain packaging system by intro-
ducing deletion in the cos region of prophage, rendering the
prophage DNA unpackagable because cos is the packaging
origin. Induction of the lysogen results in the intracellular
accumulation of all protein components needed for packaging.
However, packaging of phage DNA is prevented by the lack of
cos sites on the prophage DNA. On the other hand, exogenous
DNA with cos sites is packaged efficiently to produce an
infectious bacteriophage particle. The single-strain system is
superior to two-strain system in having a lower background of
parental phages. In addition, it uses E. coli C, which lacks the
EcoK restriction system (91), as the host for the lysogen.

Biological Containment

The biological containment of recombinant phages is an
important aspect from the point of view of ethics and
eventual biohazards. It is desirable that cloning vectors and
recombinants have poor survival in the natural environment
and require special laboratory conditions for their replication
and survival. According to Blattner et al. (9), the lytic phages
offer a natural advantage in this respect since the phage and
the sensitive bacteria coexist only briefly. A newly inserted
segment may not be compatible with E. coli metabolism for
extended periods. To make the phage vectors more safe,
three amber mutations (SamlOO, BamlOO, and Wam403)

were introduced in its genome. The new vector Xgt WES XC
is safer because an amber suppressor host strain is a very
rare occurrence in the natural environment. Many vectors
carry one of the amber mutations on the genome so that they
can be propagated only on an appropriate suppressor host.

PHAGE VECTORS

Many phage vectors have been constructed in the recent
past, each with its own special features. There is no univer-
sal lambda vector which can fulfill all the desired objectives
of the cloning experiments. The choice of a vector depends
mainly on (i) the size of a DNA fragment to be inserted, (ii)
the restriction enzymes to be used, (iii) the necessity for
expression of the cloned fragment, and (iv) the method of
screening to be used to select the desired clones.

Bacteriophage lambda vectors can be broadly classified
into two types: (i) replacement vectors and (ii) insertion
vectors.

Replacement Vectors

Taking advantage of the maximum and minimum genome
size essential for efficient packaging and the presence of the
nonessential central fragment, it is possible to remove the
stuffer fragment and replace it with a foreign DNA fragment
in the desired size range. This forms the basis of lambda-
derived replacement vectors. Cloning of a foreign DNA in
these vectors involves (i) preparation of left and right arms
by physical elimination of the nonessential region, (ii) liga-
tion of the foreign DNA fragment between the arms, and (iii)
in vitro packaging and infection.
The replacement vectors contain a pair of restriction sites to

excise the central stuffer fragments, which can be replaced by
a desired DNA sequence with compatible ends. The presence
of identical sites within the stuffer fragment but not in the arms
facilitates the separation of the arms and the stuffer on density
gradient centrifugation. In many vectors, sets of such sites are
provided on attached polylinkers so that an insert can be easily
excised. Two purified arms cannot be packaged despite their
being ligated to each other, because they fall short of the
minimum length required for packaging. This provides positive
selection of recombinants. The replacement vectors are con-
venient for cloning of large (in some cases up to 24 kbp) DNA
fragments and are useful in the construction of genomic librar-
ies of higher eukaryotes. Charon and EMBL are among the
popular replacement vectors.

Insertion Vectors

Because the maximum packagable size of lambda genome
is 53 kb, small DNA fragments can be introduced without
removal of the nonessential (stuffer) fragment. These vectors
are therefore called insertion vectors. Cloning of foreign
DNA in these vectors exploits the insertional inactivation of
the biological function, which differentiates recombinants
from nonrecombinants. Insertion vectors are particularly
useful in cloning of small DNA fragments such as cDNA.
AgtlO and Agtll are examples of this type of vector.

In recent years a multitude of lambda vectors have been
constructed. Many innovative approaches have been used to
introduce desired properties into the vectors. The following
section deals with the strategies adopted for the construction
of some of the commonly used vectors (e.g., Charon,
EMBL, Agtll) and their salient features, utilities, and limi-
tations. The restriction maps of some of the vectors are
shown in Fig. 2.
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Charon Phages

The Charon series ofphages represents a classic example of
how the genome of phage lambda was exploited to construct
a wide range of vectors from Charon 1 to Charon 40.

Initially (9, 87), the main focus was on (i) the removal of
restriction sites from the essential region and (ii) altering the
distribution of restriction sites. Various point mutations,
substitutions, and deletions were introduced into wild-type
lambda for this purpose. The mutations were introduced by
standard genetic crosses, which were then confirmed by
various techniques such as heteroduplex analysis, plating on

suitable indicator bacteria, and agarose gel electrophoresis.
The EcoRI site in the 480 immunity region was removed by
deletion, and the HindIII site near gene Q was eliminated by
a point mutation. Introduction of ninS deletion enables
transcription to be continued independent of the N gene
product. Various amber mutations (e.g., in Charon 4A) were
introduced to increase its biological containment. The pres-
ence of lac-S allows formation of blue plaques when
5-bromo-4-chloro-3-indolyl-j-D-galactopyranoside (X-Gal)
is included in the plating medium. Charon 1, 4, 8, 9, 10, and
14 are essentially replacement vectors which require a
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FIG. 2. Restriction maps of lambda vectors. The important restriction sites in the vectors are shown on the vector maps. The useful
cloning sites are shown in boldface. Charon 4A and 32 can be used as insertion vectors by usingXbal and Sacl sites, respectively, which are

shown by asterisks. Abbreviations: A, AvaII; Ap, ApaI; B, BamHI; E, EcoRI; H, HindIII; K, KprnI; N, NotI; Ne, NaeI; P, PvuI; S, SalI;
Sc, Sacl; Sf, Sfil; Sm, SmaI; Sp, SpeI; X, XbaI; Xh, XhoI; Xm, XmaIII. 1, Charon 4A; 2, Charon 32; 3, Charon 35; 4, Charon 40; 5, X2001;
6, XEMBL3; 7, XZAP; 8, XgtlO; 9, Agtll; 10, Xgt22; 11, XDL10; 12, XDASH; 13, XFIX; 14, XORF8.

certain minimum length of insert to be ligated to produce
mature phages. Charon 6 and 7 form clear plaques on
insertion of foreign DNA owing to the inactivation of the cI
repressor gene. The cloning sites of many of the Charon
phages are downstream from PL (Charon 4 and 10 through
15) or the lac promoter (Charon 16) to enable controlled
transcription of the cloned gene.
Some of the more recent vectors of the Charon series

(Charon 32 to 40) (24, 64) have many desirable properties
which make them versatile cloning vectors; e.g., the stuffer
fragment of Charon 31 is replaced by a mouse stuffer lacking

the sites for BamHI and Sail. The new vector, Charon 32,
has a single site forBamHI and two sites for SalI in the right
arm. By deleting the 1.3-kb fragment betweengam and theN
gene, a single BamHI site and one of the two SalI sites were
removed to give Charon 33. This was further improved as

Charon 34 by introduction of a polylinker with a BamHI site
at one end and EcoRI at the other end. Charon 34 has cloning
sites for EcoRI, XbaI, SstI, HindIlI, BamHI, and Sail. It has
an E. coli stuffer with no internal BamHI site. Charon 35 has
the same properties as Charon 34, except that the E. coli
stuffer fragment contains a single BamHI site. One of the

CHARON 4A
(4 5.3 kb)

CHARON 32
(43.8 kb )

4)

C(HARON 35
45.7kb )

C, %,_(
V////// ~~~~~~~~~~(4

5)

CHARON 40

7)

e) - 4bl.., II-,*/'/;+z77T*l.=7l j1Y7,Y.Tli

t,-7;,p _7 :-7-.77

I-=.!

VOL. 56, 1992



584 CHAUTHAIWALE ET AL.

TABLE 1. Positions of restriction sites and lengths of arms and stuffers in replacement vectors

Vector and enzyme Position (kb)
A () Stuffer length (kb)

Left Right

Charon 4A
EcoRI 19.6, 34.3, 26.4 19.6 11.0 6.8, 7.9

Charon 32
EcoRI 19.4, 31.9, 23.6, 24.8, 27.2, 30.9 19.4 11.9 1.0, 1.2, 2.4, 3.7, 4.2
HindIII 19.9, 30.5 19.9 13.3 10.6
SacI 26.9 27.0 16.8

Charon 35
EcoRI 19.5, 19.8, 22.6, 24.0, 35.1 19.5 10.6 0.1, 1.4, 3.0, 11.1
SacI 19.5, 25.0, 25.7, 35.1 19.5 10.6 0.7, 5.5, 10.6
Sall 19.4, 26.4, 29.8, 33.1, 34.0, 34.6, 19.6 10.5 0.2, 0.3, 0.6, 0.9,

34.8, 35.1 3.3, 3.4, 6.9
XbaI-HindIII 19.5, 35.1 19.6 10.5 15.6
BamHI 19.5, 23.1, 28.8, 35.1 19.6 10.5 3.6, 5.7, 6.3

Charon 40
EcoRI, ApaI, XbaI, SfiI, 19.2, 19.8 19.2 9.6 235-bp repeat
SacI, AvrII, Sall, SpeI,
HindIII, XhoI, BamHI,
NaeI, KpnI, NotI, SmaI,
XmaI

XEMBL
EcoRI, BamHI 19.9, 33.1 19.9 9.6 13.5
Sail 19.5, 24.8, 25.3, 33.1 19.9 9.6 0.5, 5.3, 7.8

A2001
XbaI, SacI, XhoI, BamHI, 20.0, 32.7 20.0 9.0 12.7
HindIII, EcoRI

two adjacent KjpnI sites present in the essential J gene of
Charon 35 was removed by the insertion of a synthetic
oligonucleotide duplex with KpnI compatible ends but an
inability to generate a KpnI site. The other site was removed
by repeated cycling and isolation of point mutants. The KjpnI
site was introduced in the polylinker to form a new vector,
Charon 36.
The SmaI site in theP gene of Charon 33 was abolished by

the cycling method. The SalI site between the beta andgam
genes was eliminated by removing nonessential beta and exo
genes to produce a phage with a shorter right arm. The
EcoRI site in the polylinker and the SalI site in the right arm
were joined by an adapter plasmid DNA, in such a way that
the EcoRI site was regenerated and the SalI site was
eliminated. This vector is called Charon 37. Charon 38 was
derived by the removal of theApaI site in gene G of Charon
37. Charon 39 and 40 were constructed by introduction into
Charon 38 of a new polylinker consisting of 16 cloning sites.
The two arms of the vectors have polylinkers in the opposite
orientation, which facilitates the excision of the insert. Table
1 summarizes the positions of the cloning sites and the
lengths of the arms and stuffers in some of the Charon
vectors. (For positions of various other restriction sites, see
reference 82.)
The removal of restriction sites from the essential region

and their reintroduction as polylinkers was not the sole
objective in the construction of these vectors. Usually,
removal of the stuffer fragment also resulted in elimination of
thegam gene. However, in Charon 32 to 40, thegam gene is
retained on the right arm, which allows the propagation of
recombinants on recA hosts, thereby overcoming the poten-

tial problem of recombination of duplicate segments in the
target DNA. This is particularly important for cloning of
higher eukaryotic DNA, which contains a large amount of
repetitive DNA. In addition, an insert of up to 24 kb can be
accommodated in Charon 38 to 40.

In Charon 39 and 40, a novel polystuffer approach is used
for the easy removal of the stuffer fragment. A polystuffer
consists of many small restriction fragments, ligated to each
other to form long tandem repeats. The polystuffer can be
digested with the same enzyme to make small pieces, which
can be easily separated from the arms by polyethylene glycol
precipitation. In addition, each unit fragment of polystuffer
contains a lac operator region. Therefore, even a small
fragment of the polystuffer which becomes ligated within the
phage genome can induce 3-galactosidase by means of
repressor titration and is chromogenically detectable.

X1059 and Derivatives
The property of inhibition of growth of lambda on P2

lysogen is effectively used in the construction of X1059 (56,
57). Since this is a replacement vector, red andgam genes of
the phage are removed in a stuffer, conferring the Spi-
phenotype to the recombinants. Two BamHI sites are suit-
able for the separation of the two arms from the stuffer. The
ligation of only two arms (19.6 and 9.4 kb) falls short of the
minimum size requirement for packaging, thus giving selec-
tive advantage to recombinants. The parental phage fails to
grow on P2 lysogen but can grow on the recA strain, whereas
the recombinants can grow on P2 lysogen but not on the
recA strain.
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Lambda 1059 also carries a pacI plasmid containing mul-
tiple aut sites and the ColEl origin of replication. It can
therefore be grown either lytically as a phage or nonlytically
as a plasmid in the presence of a repressor.
New polylinkers containing XbaI, SacI, XhoI, BamHI,

HindIII, and EcoRI sites have been introduced into X1059.
The new vector lambda 2001 (58) also has a chi mutation that
facilitates growth on recA+ hosts. The BamHI site is at the
center of the polylinker, so although it cannot be regenerated
(e.g., by ligation with MboI or Sau3AI fragments), the insert
can be excised by using flanking sites.

XEMBL

The XEMBL series of phages is derived from A1059
(32-34) by replacing the region of the ColEl plasmid by a
fragment carrying the trpE gene of E. coli. The removal of
the ColEl plasmid region facilitates screening of recombi-
nants by usingDNA probes cloned in ColEl-derived plasmid
vectors. This vector is named AEMBL1. EcoRI sites are
removed by repeated cycling on restricting and nonmodify-
ing hosts to derive XEMBL2. A new polylinker is introduced
into XEMBL2 to construct XEMBL3, which has SalI,
BamHI, and EcoRI sites. XEMBL4 has the same sites as
XEMBL3 in the reverse orientation, and XEMBL3A has two
amber mutations, allowing selection of DNA sequences
linked to supF.
The polylinker of XEMBL3 is modified to form XEMBL12,

which has EcoRI, BamHI, SstI, XbaI, and Sall sites (78).
Introduction ofNotI and SfiI sites (octanucleotide-recogniz-
ing enzymes) in XEMBL3 has led to the construction of
EMBL301 (61). APJ4A, a derivative of AEMBL4A, has been
constructed for cloning EcoRI fragments (53). A library in
PJ4A can be screened by the method of Seed (96).

Agtll to Agt23

Agtll to Xgt23 are insertion vectors which carry a part of
the E. coli 3-galactosidase gene. Agtll is constructed by
crossing Xgt7-ac-5 (containing the ,B-galactosidase gene)
with Xgt4 (having cI857, S100, and ninS mutations) (126).
The cI857 mutation enables the phage to grow as a lysogen at
32 to 34°C or lytically at 42°C. The S100 suppressor mutation
helps to achieve better biological containment. A unique
EcoRI site at the 3' terminus of the 0-galactosidase gene is
useful for cloning DNA up to 9.2 kb long. Insertional
inactivation of the ,B-galactosidase gene enables blue-white
screening on X-Gal plates. Since the foreign gene is ex-
pressed as a 3-galactosidase fusion product, it can be
screened by using the antibody probes (99).

Xgt18 and Xgtl9 are derivatives of Xgt11 in which two
unwanted SaI sites are eliminated by insertion of an oligo-
mer within the SalI sites. A polylinker containing Sall, Sacl,
XbaI, and EcoRI is then introduced. Xgtl8 and Xgtl9 have a
polylinker in the opposite orientation (40).

Xgt20 and Xgt21 are derived from Xgtl8 and Xgtl9, respec-
tively, by introduction of a chi site and elimination of Sacl
and XbaI sites. These vectors have a maximum insert
capacity of 8.2 kb. On the other hand, Xgt22 and Xgt23 (39)
have NotI, XbaI, SacI, SalI, and EcoRI sites in the opposite
orientation. In these vectors, a full-length cDNA can be
inserted in the defined orientation at the Sall and NotI sites
because these sites are infrequent in eukaryotic DNA.
With the increasing popularity of Agtll and its derivatives

as expression vectors, various improved methods have been
developed for cloning (52, 114), screening (31, 117), insert

TABLE 2. Cloning sites of insertion vectors

Arm length
Vector Enzyme(s) (kb)

Left Right

Xgt1o EcoRI 32.7 10.6
Agt1l EcoRI 19.5 24.2
Xgt18 Sall, EcoRI 19.5 23.7
Xgt2O SalI, XbaI, EcoRI 19.5 23.2
Xgt22 Notd, XbaI, Sad, Sall, EcoRI 19.5 23.2
AZAP Sacl, NotI, XbaI, SpeI, EcoRI, XhoI 21.8 18.1

amplification (19), and hyperproduction of recombinant pro-
tein (107).

AgtlO

Lambda gtlO is a versatile insertion vector that is ideal for
screening with nucleic acids probes (50). It has a unique
EcoRI site in the cI repressor gene. Insertional inactivation
of the cI gene gives clear plaques, compared with the turbid
plaques of cI+ nonrecombinants. Moreover, recombinants
can be directly selected on a high-frequency lysogeny (hfl+)
strain because cI+ parental phages lysogenize efficiently and
recombinants (cI mutants) replicate well, resulting in a
reduced background of nonrecombinants (49).

AZAP

Lambda ZAP is very useful for in vivo excision of the
insert. It is an insertion vector with Bluescript SK(-)
phagemid sequences which enable excision of the phagemid,
including an insert, with the help of a helper M13 phage. The
entire DNA insert can be recovered within the phagemid
polylinker, which has 21 restriction sites, 6 of them (SacI,
NotI, XbaI, SpeI, EcoRI, and XhoI) being unique in the
vector. The maximum insert capacity of XZAP is 10 kb (97).

Table 2 describes the cloning sites and arm lengths of
various insertion vectors.

Novel Lambda Vectors

Besides the vectors described above, several others have
been constructed in the recent past for certain specialized
purposes. They are derivatives of commonly used lambda
vectors and have been engineered to fulfill defined objec-
tives.

Vectors for directional cloning. Directional cloning facili-
tates insertion of a DNA fragment in a known orientation
with respect to the regulatory sequences of the vector and is
particularly desirable for cloning of cDNA fragments. Be-
cause both the arms of the vector have noncomplementary
ends, the dephosphorylation step can be bypassed. This
approach also gives a low background of nonrecombinants.
XORF8 is an insertion vector designed for directional

cloning and for the construction of a cDNA expression
library (69). This vector has a polylinker (HindIII-BamHI-
EcoRI) situated within the lacZ gene which enables blue-
white screening. cDNAs in which oligo(dT) priming is used
for first-strand synthesis can be directionally cloned as an
EcoRI-BamHI, EcoRI-HindIII, or BamHI-HindIII frag-
ment. A specially designed linker containing a BamHI site
creates a HindIII site when ligated to the 3' end (i.e., near
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the end) of the cDNA fragment which can be direction-
ally cloned in ORF8.

Recently Charon BS (+/-) vectors have been designed for
high-efficiency directional cDNA cloning (109). The library
constructed in this vector can be transferred to plasmids in
one step for further analysis. The vector consists of Blue-
script KS M13 (+) or KS M13 (-) plasmid DNA digested
with NotI and ligated to a mixture of NotI adapters with
HindIII and EcoRI ends, followed by cloning between
Charon 15 lambda arms generated by HindIII and EcoRI
digestion. The presence of an Fl origin and'T3M7 RNA
polymerase promoters is useful for preparing single-stranded
circular DNA or strand-specific RNA for cDNA cloning.
Vectors with controlled lytic and lysogenic events. It is

possible to propagate a recombinant as a phage by lytic
events or as an autonomously replicating plasmid or lysogen.
The temperature-sensitive mutation of cI repressor (cI857) is
widely exploited for controlled lytic or lysogenic events (83).
When such a mutation is present on the phage genome, the
phage can be propagated as a lysogen at 32°C. The viable
phage particles can be obtained simply by shifting the growth
temperature to 42°C. The repressor is inactivated at 42°C,
and lytic events are initiated. In the case of Xgtll (126),
although the library can be propagated and screened as a
phage, stable lysogens can be maintained for the large-scale
production of the desired protein. ASV2 can be maintained in
an integrated state at 32°C or as an autonomous plasmid at
42°C (47, 48). Similarly, XNM:pBR322 can grow lytically or
as a plasmid under different sets of conditions (70).
XSE4 is a derivative of X1059 with a very low copy number

replication system and a spectinomycin resistance gene. In a
nonimmune host (i.e., strains lacking the cI gene), the phage
grows lytically and the recombinants are spi, as is A1059. On
the other hand, in an immune host, phage-specific functions
are repressed. The plasmid can replicate at low copy number
and confers spectinomycin resistance. DNA fragments in the
range of 2 to 19 kb can be cloned into the BamHI site, and
the genes from prokaryotic organisms can be isolated by
complementation of E. coli mutants (26).
XDL10 and XDL11 contain an a-complementing fragment

of lacZ and a polylinker of M13mplO and M13mpll, respec-
tively. The unique Sacl, XbaI, and HindIII sites can be used
for cloning of DNA fragments up to 12 kb. a-complementing
activity is expressed under the control of lacP of the vector
and laclq repressor of the host. Therefore, induction by
isopropyl-3-D-thiogalactopyranoside (IPTG) is essential for
expression of the lacZ a-fragment. In addition, stable lyso-
gens can be generated as a'result of the presence of int and
att loci on the vector. These two properties make this pair of
vectors attractive for cloning of genes that might be lethal
when cloned in a high-copy plasmid (122).

Vectors for in vitro transcription of cloned inserts. Large
amounts of single-stranded RNA can be synthesized in vitro
from a cloned insert by initiating transcription from a bacte-
riophage promoter adjacent to the cloned insert. The strong
promoters derived from E. coli bacteriophages T7 and T3
(108, 110) or Salmonella typhimurium phage SP6 (37) are
used for this purpose. There are several advantages of using
RNA probes synthesized in vitro. These promoters are
transcribed specifically by RNA polymerases encoded by
the respective phages. On the other hand, the specific RNA
polymerases do not recognize bacterial and eukaryotic pro-
moters of the insert or other vector promoters (94). Thus,
highly specific probes complementary to the sequence down-
stream of these promoters can be synthesized in vitro by
using a specific RNA polymerase and the four nucleotide

triphosphates. The newly synthesized RNA sequences can
be used as strand-specific probes. Since the template DNA
can be transcribed several times in vitro, several copies of
the probe can be generated. Because of high stability of
DNA-RNA hybrids (13), RNA probes generally give strong
signals.

In XZAP, the presence of T7 and T3 promoters, one on
either side of the polylinker, permits in vitro transcription of
the insert (97). Similarly, in XT7-T3/E-H, EcoRI and HindIII
sites are present between the promoters, embedded in the
lacZ gene (38), and in replacement vectors XDASH and
XFIX, these promoters are adjacent to the polylinker (94).
The XSWAJ series of vectors is derived from AgtlO by
insertion of pGEM2 (81). SWAJ1, in which XbaI and SacI
sites are positioned between the SP6 and T7 promoters, can
be used for the directional cloning of cDNA fragments. A
535-bp fragment of pGEM1 or pGEM2 containing both the
promoters and cloning sites is present in SWAJ2 and
SWAJ3, respectively, whereas in XSWAJ1, XSWAJ4, and
XSWAJ5, the entire pGEM sequence is present. In XSWAJ2
to XSWAJ5, an EcoRI site is present along with XbaI and
Sacl. Since the polylinker in XSWAJ4 and XSWAJ5 is
flanked by SpeI sites, the library in these vectors can be
efficiently converted into a plasmid library by digestion with
SpeI, ligation, and transformation of a suitable host with the
ligated DNA.
The presence of promoters on either side of an insert

permits in vitro transcription of both sense and antisense
strands of insert. If the cDNA is directionally cloned, the
strand-specific probes can be easily generated by transcrib-
ing the appropriate strand of an insert DNA. This approach
is very useful for the differential and subtractive hybridiza-
tion techniques (94) and for cloning of the rare tissue-specific
genes. A few other vectors such as Xptl3 are useful in the
study of transcriptional control in E. coli (42), and XNMT
can be used for efficient transduction of mammalian cells
with cDNA clones (79).

Table 3 summarizes the salient features of some of the
novel vectors.

Choice of Hosts for Lambda Vectors

It is critical to use particular strains of E. coli as hosts on
the basis of the genotypes of different vectors (94). The hosts
which are widely used are derivative strains of E. coli K-12,
which codes for the restriction enzyme EcoK. The vectors
can be protected by being grown in a modifying strain.
However, to protect the foreign DNA, the recombinants are
propagated in a restriction-deficient (rk-) strain. hsdR
strains are defective in restriction but can modify EcoK sites
(rk-, Mk'), whereas hsdS strains are deficient in both
restriction and modification (rk-, mk-). Amber suppressor
hosts such as supE and supF are essential for the propaga-
tion of vectors in which specific amber mutations are intro-
duced, so as to attain biological containment. The problem
of recombination and rearrangement between homologous
DNA sequences is overcome by propagating the phages in a
host that is defective in recA recBC pathways.
The restriction systems McrA and McrBC, encoded by

mcrA and mcrBC genes, respectively, of wild-type E. coli
(85), are methylcytosine-requiring systems that attack DNA
only when it is methylated at specific cystosines, whereas
Mrr, encoded by mrr (84), is a methyladenine-requiring
restriction system that attacks DNA only when it is methyl-
ated at specific adenines. The restriction of the cloned DNA
by these methylation-specific systems results in a substan-
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TABLE 3. Novel lambda vectors

Cloning sites
Vector Size (kb) Reference

Enzyme(s) Position(s) (kb)

XSWAJ4 46.2 EcoRI, XbaI, SacI 32.9 81
XT7-T3/E-H 41.1 HindIII-EcoRI 28.6 38
XSE4 48.7 BamHI 24.1, 40.1 26
XORF8 42.8 EcoRI, BamHI, HindIII 24.7 69
XDASH 41.6 XbaI, Sall, EcoRI, BamHI, HindIII, SacI, XhoI 20.0, 33.8 94
XFIX 41.6 XbaI, SacI, Sail, XhoI, EcoRI 20.0, 33.8 94

tially reduced recovery of the sequences cloned in lambda
vectors. The problem can be avoided by the use of strains in
which these mechanisms are rendered nonfunctional by
mutation. A strain completely disabled for restriction will be
defective at the hsd, mcrA and mcrBC, and mcrR loci and
will be a more permissive host for propagation of lambda
clones.
The choice of lytic or lysogenic growth of recombinants

can be controlled by selective use of different hosts. For
Agtll, use of Y1090 as the host facilitates lytic growth and
subsequent screening with antibody or nucleic acid probes,
whereas Y1089 is useful for the construction of recombinant
lysogens when a large amount of recombinant protein is
required.

Storage of Lambda Stocks

Most of the lambda strains are stable for several years
when stored at 4°C in SM buffer containing 0.3% freshly
distilled chloroform (94). The master stocks of bacteriophage
lambda are kept in 0.7% (vol/vol) dimethyl sulfoxide at
-70°C for long-term storage (94). Klinman and Cohen (59)
have developed a method for storage of a phage library at
-70°C by using top agar containing 30% glycerol.

DETECTION OF RECOMBINANTS

The efficiency of a cloning vector rests mainly on the
availability of an easy and convenient method for differen-
tiating recombinants from nonrecombinants. Ideally, when
the replacement vectors are used for cloning, there should be
no background of nonrecombinants. However, an inefficient
removal of stuffer and/or the presence of packagable phage
DNA in packaging extracts may give some background. In
Charon 40, religation of the stuffer with the arms can be
easily detected on X-Gal plates because each unit fragment
in the polystuffer contains a lac operator region, which gives
blue plaques as a result of repressor titration. The inability of
X1059 to grow on P2 lysogen, in contrast to the ability of
recombinants to grow on such a host, provides a direct
selection for recombinants.
The other method commonly used for selection of recom-

binants is the insertional inactivation of genetic markers
present on the vector. The use of high-frequency lysogenic
(hfl) hosts (such as NM514), combined with the insertional
inactivation of the cI gene in lambda gtlO, provides a
condition in which only the recombinants (cI mutants) can
form plaques (49). The use of a unique EcoRl site for cloning
inactivates the 0-galactosidase gene in Xgtll, differentiating
blue nonrecombinant plaques from colorless recombinant
plaques on X-Gal plates. Thus, by a careful choice of host
and vector, it is possible to detect recombinants conve-
niently.

Screening a Phage Library
The phage library can be screened for the presence of a

desired gene by using either specific immunological or
nucleic acid probes.

Immunological screening. Immunological selection can be
used for the vectors in which the desired gene is expressed
as a protein (antigen), even at a very low level. The recom-
binants which express a desired gene can be picked up by
their selective reaction with the specific antibodies. The
expression of a cloned gene in Xgtll as a fusion protein of
,B-galactosidase facilitates screening with specific immuno-
logical probes. This approach has been especially successful
in isolation of genes for which no probes other than specific
antisera are available (80, 126, 127).

Nucleic acid probes. Screening with nucleic acid probes is
convenient both when the cloned gene is not expressed and
when an easy method for detection of gene product is not
available. The method is based on the assumption that the
same genes from diverse sources have at least a partial
homology in their nucleotide sequences.

Oligonucleotide probes are synthesized either on the basis
of the known protein sequence or by studying highly con-
served sequences in other, related proteins. Alternatively, a
cloned gene fragment from the heterologous sources can be
used as a probe for screening. The success of screening with
nucleic acid probes depends on (i) the extent of homology
between the desired gene and the probe and (ii) the strin-
gency of the hybridization conditions.

Double-stranded oligonucleotide sequences can be used as
a probe to identify clones that express specific DNA-binding
proteins (94). The cDNA expression library is screened with
radiolabeled double-stranded probe containing a specific
DNA-binding site. Generally, such a probe is self-ligated to
form concatemers before being used for hybridization. Such
a concatenated probe with multiple binding sites gives much
stronger signals than a probe with a single binding site.
Seed (96) has developed a method for in vivo selection of

recombinants in which probe sequences are inserted into a
very small plasmid vector and introduced into a suitable host
(79). The phage library is then propagated on these trans-
formed cells. Phages bearing sequences homologous to the
probe acquire an integrated copy of the plasmid by recipro-
cal recombination, and these phages can be detected by a
suitable marker on the plasmid.

Differential and Subtractive Screening Methods

A few methods are available for screening of the gene of
interest that is expressed in type of the cells but not in the
other (94). In these methods, the recombinants expressing
genes common to both the cell types can be either differen-
tiated or eliminated so that the set of recombinants which are
specific to only one particular cell type may be obtained.
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This approach is very useful for screening tissue-specific or
differentially regulated genes.

Differential screening. In the differential screening method,
total poly(A)+ RNA is extracted from the two types of cells
(one expressing the gene of interest and the other not
expressing it) and used as templates to generate radioactive
probes by using reverse transcriptase. A cDNA library of
cells expressing the desired gene is independently screened
with the two types of probes. The clones that hybridize to
both probes represent common sequences in the two cell
types, whereas clones that hybridize with only one type of
probe are specific to that cell type.

Subtractive screening. The sensitivity of differential
screening can be enhanced by subtractive hybridization. As
in case of differential screening, poly(A)+ RNA is extracted
from the two types of cells. However, radioactive probes are
generated only from the mRNA population extracted from
the cells that express the gene of interest. This cDNA probe
is hybridized to an excess of mRNA that does not represent
the desired sequence (i.e., mRNA derived from the cells
which do not express the gene of interest). The DNA-RNA
hybrids are removed on a hydroxyapatite column, and
nonhybridized radioactive single-stranded cDNA is used as
a probe to screen a library constructed from the cells that
express the desired gene. Alternatively, nonhybridized sin-
gle-stranded cDNA can be used as templates to generate the
second strand and can subsequently be cloned in a suitable
vector to construct a subtracted library.

CONCLUDING REMARKS

The introduction of coliphage lambda as a cloning vector
in the late 1970s has led to the construction of many useful
derivatives of lambda. Initially, these attempts were directed
toward removing restriction sites from the essential region of
the genome and reintroducing them in suitable polylinkers.
The entire Charon series is an example of such develop-
ments. Manipulations of restriction sites, biological contain-
ment, increase in the insert capacity, introduction of poly-
linkers, easy removal of stuffer fragments, and easy
detection of recombinants are some of the important criteria
applied in development of the new vectors. The Spi+ phe-
notype of wild-type lambda is exploited in X1059. Introduc-
tion of chi sequences is useful in packaging in recA+ strains.
To overcome the problem of unwanted recombination of
repetitive sequences cloned in lambda vectors, Charon 32 to
40 phages have been developed, because they can be
propaged on recA hosts.
The failure of expression of eukaryotic genes is mainly due

to inability to recognize eukaryotic promoters and the ab-
sence of RNA-processing machinery in E. coli. These prob-
lems have been partially overcome by the use of cDNA
cloning in the expression vectors such as Xgtll. Lambda
T7-T3/EH or SWAJ4 has the additional advantage of tran-
scription of both strands of the insert. Directional cDNA
cloning is a desirable strategy for which many lambda
vectors have been developed. Introduction of NotI and SfI
sites into vectors facilitates excision of intact inserts. In-
creasing the insert capacity is yet another important goal.
Charon 38 to 40 have the maximum insert capacity (24 kbp)
produced so far among the lambda vectors. Controlled lytic
or lysogenic events can be achieved by using vectors such as
Xgtll or XSV2 in which the temperature-sensitive cI repres-
sor mutation (cI857) is introduced.

In addition to the development of cloning vectors, many
other techniques have been developed simultaneously to

facilitate DNA manipulations with lambda vectors. Partial
filling of SalI-EcoRI termini of vector arms and Sau3AI-cut
inserts produces complementary ends which can be ligated
easily (128). Efficiency of in vitro packaging is an important
factor for successful cloning in lambda vectors. Many com-
mercial packaging extracts that yield an efficiency of 108
PFU/4g of DNA are available. A recent study suggests that
Stratagene Gigapack Gold packaging extracts give maximum
efficiency compared with other commercial packaging ex-
tracts (65). A wide variety of protocols are now available for
construction of libraries in lambda vectors (1, 32, 50, 94) and
for rapid isolation and purification of lambda DNA (2, 36).
Roditi et al. have developed a rapid method for determina-
tion of the orientation of inserts cloned in lambda vectors
(88).

Libraries in lambda vectors can be amplified for easy
screening of rare sequences. However, repeated amplifica-
tions may result in the underrepresentation or loss of poorly
growing clones. Amplification is not advisable in Agtll
because there is always a danger that healthy nonrecombi-
nants will overgrow recombinants.
The development of the polymerase chain reaction tech-

nique has allowed rare sequences to be amplified several
thousand-fold and has therefore facilitated the detection of
rare genes (72, 92). Collectively, these contributions have
made molecular cloning and gene manipulations in lambda
vectors accessible to any student of biology who has access
to relatively simple laboratory setups.
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